ABSTRACT. Mitochondria1 function was studied in isolated hepatocytes from newborn rats to determine the substrate requirements and oxygen dependence of perinatal respiratory activity. The results show that neonatal O2 consumption is markedly dependent on succinate availability; the respiration rate was extremely low in the absence of exogenous substrates, but was stimulated 15-fold by succinate, with half-maximal stimulation of O2 consumption at 0.5 mM succinate. Significant inhibition of respiration by low concentrations of antimycin A suggests that the succinate-induced increase in cellular O2 consumption was primarily due to mitochondrial activity. In contrast, other potential metabolic fuels at comparable concentrations (2.5 to 10 mM) gave less than 2-fold stimulation. 
Pso, half-maximal oxidation
The transition from fetus to neonate involves a shift from a relatively anaerobic environment to an aerobic one and is associated with a marked change in content of enzymes of the respiratory systems (1) (2) (3) (4) . Central to the ability of the neonate to accommodate increased oxidative activity during this period is the attainment of functional maturity of mitochondrial activity. Currently, there is a lack of an understanding of the biochemical changes in mitochondrial function accompanying perinatal O2 variations, and given the association of hypoxia and hyperoxia with various pathological processes in the neonate [e.g. infant respiratory distress syndrome (5), sudden infant death syndrome (6) , and fetal alcohol syndrome (7) ], it is crucial to define the factors that determine respiratory function and control in this critical period.
In earlier studies of cells from various adult tissues, we found that both substrate supply and 0 2 dependence of the mitochon-
49;
drial respiratory system limit cell function at 0 2 concentrations that can occur in vivo during hypoxia (8-1 1) . Similar studies to define the effect of substrates and 0 2 on function of the neonatal mitochondria under varied O2 concentrations have not been performed. In the current study, we characterize the effect of these parameters on perinatal respiratory function in cells freshly isolated from neonatal rat liver. This approach relies on the availability of isolation procedures for viable hepatocytes from rat fetuses and neonates with high yields that are essentially free from contamination by other cell types (12) (13) (14) . Such preparations have been characterized with regard to numerous cell functions, viz, retention of cytoplasmic enzymes and metabolites (12) , hormone sensitivity (13) , and the ability to synthesize afetoprotein (14) , and therefore provide a means to obtain sufficient quantities of cells that are suitable for studies of cellular respiration.
We have examined the respiratory features of hepatocytes from newborn rats based on our earlier studies with adult cells which included measures of O2 consumption rates, ATP content, substrate requirements, and oxidation-reduction states of mitochondrial cytochromes (5) (6) (7) (8) 15) . The results show that neonatal hepatocellular respiration rates are responsive selectively to succinate and that mitochondrial respiration is maximal at a substantially lower 0 2 concentration than found in adult liver cells. The remarkable sensitivity to succinate suggests that these neonatal cells have a unique metabolic substrate demand and may therefore be sensitive to control by mechanisms in a manner which is at least quantitatively distinct from that found in adult tissues.
MATERIALS AND METHODS
Cell isolation. Rats (10-15 pups, 22 days at term) were delivered by natural birth and removed from their mothers (SpragueDawley female rats, 250 g from Animal King Laboratories, Oregon, WI) within 12 h of birth. Newborn rats were sacrificed by decapitation, and livers were quickly removed, weighed, sliced, and washed free of excess blood with Ca2+-free Hanks buffer, pH 7.4. Hepatocytes were isolated according to a minor modification of the method of Devirgiliis et al. (12) . Briefly, sliced liver tissues were incubated with collagenase (1 mg/ml) and DNase (0.05 mg/ml) at 37" C under a 95% 02, 5% C02 atmosphere for successive 15-min incubations with three changes of fresh digestion medium. Cells were filtered through nylon sizing mesh (mesh size 103), washed with modified Krebs-Henseleit medium, pH 7.4 (1 5, 16) , and then purified on 30% Percoll in Krebs-Henseleit. Hepatocytes were assessed for viability by their ability to exclude 0.2% trypan blue and for contamination by erythrocytes and hematopoietic cells by morphological differences in appearance under a light microscope. The cells were maintained at 20" C in a gyrating water bath for 5-6 h without loss of viability.
Incubations and measurements of O2 consumption. Incubations (1 x lo6 cells/ml) were carried out at 37" C in rotating > round bottom flasks in modified Krebs-Henseleit buffer containing 25 mM Hepes, pH 7.4, as previously described (15, 16) . After 30-min preincubation, samples were removed for ATP determination and measurements of 0 2 consumption. Cellular 0 2 consumption rates in the absence or presence of substrates and inhibitors were measured polarographically with a Clark-type electrode (1 7).
Spectrophotometry. Oxidation-reduction changes of mitochondrial cytochromes were determined by dual-wavelength spectrophotometry on an Aminco DW2a spectrophotometer equipped with a 3.9-cm light path incubation vessel (18, 19) . Cells were maintained in suspension by gentle stirring with a magnetic stirrer, and O2 concentrations were measured by an 0 2 electrode inserted through the cover of the incubation vessel. The gaseous phase was flushed continuously with prepurified argon (<0.00 1 % 0 2 ) delivered via a low O2-permeability butyl rubber tubing. Oxidation-reduction changes for the cytochromes and pyridine nucleotides were measured with the following wavelength pairs (nm): cytochrome a + a3, 605-630; cytochrome c + cl, 550-540; cytochrome b561 + b566, 56 1-575; cytochrome b566, 566-575; and pyridine nucleotide, 340-375. The mitochondrial cytochrome contents were calculated from the absorbance changes following reduction of the oxidized forms with dithionite as well as from the changes following aerobic to anaerobic transitions, and using the respective millimolar extinction coefficients (mM-I cm-I) of the wavelength pairs as indicated above for cytochromes a + a3, 13.1; c + cl, 19; and b, 23 (20) (21) (22) (23) .
Assays. Perchloric acid extracts of cell incubations were neutralized with 10 M KOH and the supernatants were analyzed for ATP by HPLC (24) . Total cell protein contents were determined on the acid precipitable fractions by the method of Bradford (25) using the protein dye-reagent concentration from Biorad and bovine 7-globulins as standard.
Materials. The following chemicals were purchased from Sigma Chemical Co. St. Louis, MO: collagenase type IV, deoxyribonuclease (DNAse) I, y-globulin, (bovine, Cohn Fraction 11), N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes), glucose, fructose, L-glutamate, L-aspartate, acetoacetate, malate, citrate, lactate, P-hydroxybutyrate, 2-oxoglutarate, acetate, oleic acid, and antimycin A. Sodium succinate was obtained from Eastman Kodak Co., Rochester, NY, sodium butyrate from Matheson Coleman and Bell, East Rutherford, NJ and FCCP from Boehringer-Mannheim, Mannheim, West Germany. Other chemicals were of reagent grade and were purchased from local sources.
RESULTS
Characteristics of neonatal hepatocytes. The current study is designed to examine the substrate and OZ requirements for mitochondrial function in neonatal cells. Studies were performed using freshly isolated hepatocytes from newborn rats, and initial characterization of the cells are summarized in Table 1 . Cell yields, percent viable cells, and protein contents were comparable to preparations of fetal and neonatal hepatocytes reported by others (12) (13) (14) . Respiration rates were extremely low in the absence of added substrates (0.49 k 0.05 nmol 02/106 cells per min) but were stimulated 15-fold in the presence of 5 mM succinate (see below). The increase in 0 2 consumption was not further stimulated by addition of 0.2 mM ADP, indicating that the cells retain their permeability barrier to intermediate molecular weight compounds. Cellular ATP content was one-third that of adult cells when expressed per mg protein (15, 17) and was increased slightly in the presence of succinate. The contents of mitochondrial cytochromes were about half that found in adult cells when expressed per lo6 cells, although they were in the same relative proportions (17, 23) ; notably, cytochrome a + a3 and c + cl were twice that of the b cytochromes ( Table 1 ). The cellular O2 consumption rates and cytochrome contents were 20-40% lower than adult values even when these were expressed 1.55 -C 0.12 (3) nmollmg protein 0.096 + 0.006 (5) * Oz consumption was measured polarographically with an O2 electrode, and cell ATP contents were measured by HPLC (24) . Mitochondrial cytochrome contents were calculated from the absorbance change upon reduction of the cytochromes and the respective millimolar extinction coefficients (see "Materials and methods"). Values given are the mean +. SEM for the number of cell preparations in parentheses. Livers from 10-15 pups were pooled for one cell preparation.
on a per mg protein basis ( Table 1) . The results therefore indicate that the respiratory characteristics of neonatal hepatocytes are quantitatively distinct from adult cells.
Effects of substrates on respiration. The low cellular O2 consumption rates with endogenous substrates (Table I) suggest the possibility of a requirement for an exogenous substrate supply. To test this, we examined the effect of several citric acid cycle and glycolytic intermediates, ketone bodies, fatty acids, and amino acids on O2 consumption. The results (Table 2) show that ketone bodies (P-hydroxybutyrate and acetoacetate), butyrate, and amino acids (glutamate and aspartate) were ineffective in eliciting an increase in O2 consumption while oleate and many of the citric acid cycle and glycolytic substrates (fructose, malate, lactate, and Zoxoglutarate) gave 1.3-to 1.6-fold enhancements in rates. In marked contrast, succinate exhibited an approximately 15-fold stimulation of respiration rate, while similar studies with adult hepatocytes consistently showed less than a 2-fold increase in O2 consumption (data not shown). These results suggest that succinate is a preferred and selective substrate for cellular respiration in neonatal cells.
Other studies with respiratory inhibitors showed that the increase in O2 consumption in the presence of succinate is predominantly due to mitochondrial respiration; low concentrations of antimycin A (16-32 nM) inhibited the succinate-induced respiration by 95%. However, addition of 1 pM FCCP, a protonophore, in the presence of succinate gave no further stimulation of O2 consumption, indicating that maximal stimulation of rate had occurred with succinate alone. Moreover, the succinateinduced increase in 0 2 consumption was inhibited by malonate and oxaloacetate, which indicates that succinate is oxidized by succinate dehydrogenase. Fumarate has also been identified by HPLC separation as a major product (data not shown).
The responsiveness of mitochondrial respiration to succinate was defined by examination of the dose-dependent relationship of 0 2 consumption and and succinate concentration. The results showed that stimulation of cellular respiration rates occurred over a wide range of succinate concentrations (30 pM to 8.5 mM, Fig. l) , with maximal and half-maximal rates occurring at 5 and 0.5 mM, respectively (Fig. 1) . The maximally stimulated rate, as predicted from the cytochrome contents of the cells AW AND JONES * Cellular O2 consumption rates were measured as described in "Materials and methods." Substrates were added in small volumes to the cell suspension to the indicated final concentrations. Values are given as the ratio of rates in the presence and absence of substrates (see Table 1 ) and are the mean + SEM of the number of cell preparations in parentheses.
Livers from 10-15 pups were pooled for one cell preparation.
Succinate, mM Fig. 1 . Dependence of O2 consumption rate on succinate concentration. Cellular respiration rates were determined in incubations (1 x lo6 cells/ml) containing different concentrations of succinate ranging from 0.03 to 8.5 mM. O2 consumption was measured polarographically with an O2 electrode. (Table l) , was about one-half that of adult cells. This sensitivity of O2 consumption to succinate suggests that circulating plasma succinate (50 pM) may be a respiratory substrate and/or a specific stimulator of respiration of neonatal hepatocytes (see "Discussion").
Oxidation-reduction of mitochondrial cytochromes.
Earlier studies with adult hepatocytes showed that the O2 concentration required for maximal respiration is a function of the Oz consumption rate (19) . Since the endogenous 0 2 consumption in these neonatal cells is very low, the O2 requirement for maximal mitochondrial function in neonatal cells may also be small. To examine this, we determined the mitochondrial 0 2 dependence by the oxidation-reduction changes of the cytochromes. Pso values for the different cytochromes was measured in the presence of 1.5 mM succinate, and the results (Table 3) showed that the values were extremely low ((1 pM), in a range that is similar to that found for isolated mitochondria.
It is significant that the P50 values for neonatal hepatocytes are substantially lower than the values for adult hepatocytes. Previous studies showed that the high Pso values in adult hepatocytes is a consequence of the clustering of mitochondria within the cells (27, 28) (Table 3) . Thus, the entire electron transport chain functions as a single unit, as with adult hepatocytes (1 9). Because the O2 consumption is mostly succinate dependent, a kinetic limitation at the NADH dehydrogenase could result in a different O2 dependence for the pyridine nucleotides. However, the Pso value for oxidation of pyridine nucleotides was comparable to that for the cytochromes (Table 3) . Therefore, the relatively minor stimulation of respiration by the other citric acid cycle intermediates (Table 2 ) may not be due simply to rate limitation by NADH dehydrogenase.
The sensitive response of cellular respiration rate to succinate availability suggests that the function of the neonatal mitochondria would selectively vary with substrate supply and O2 consumption rate. This possibility was examined by measuring P50 of cytochrome c + c, in cell incubations containing varied concentrations of succinate and/or antimycin A. For these studies, the temperature of the cell suspensions was maintained between 25 and 28" C because of the construction of the incubation vessel, and this resulted in a lower respiration rate of the (7) cells compared to measurements at 37" C. Additionally, the cells were also exposed to hypoxic/anoxic conditions which can further decrease maximal respiratory activity (10) . Addition of 0.5 mM succinate to cell incubations under these conditions resulted in an O2 consumption rate of 0.98 nmol/106 cell per min and a PsO value of 0.17 pM O2 (Fig. 2) . Increasing the O2 consumption rate to 2.0 nmol/106 cells per min with 3.3 mM succinate increased the PS0 value to 0.35 pM, while inhibiting respiration by antimycin A (5.6 nM) correspondingly decreased the PsO value to 0.035 pM O2 (Fig. 2) . Consequently, the O2 concentration required for mitochondrial function in neonatal hepatocyte varies as a function of the substrate supply and O2 consumption rate.
DISCUSSION
The current study demonstrates that the mitochondrial function of neonatal hepatocytes can be readily altered by addition of substrate and respiratory inhibitors. The respiratory characteristics of these cells differ from adult hepatocytes (16, 17, 19) in two important respects, namely, the stimulation by succinate is unique and the magnitude of this stimulation is relatively large. In adult cells, respiration with endogenous substrates is about 8-12 nmol 02/mg protein per min (17, 29, 30) . Addition of various substrates typically gives less than a 2-fold stimulation, and even cells from 48 h starved animals show only about 2.2-fold stimulation (31) . Of note, succinate (2 mM) gives approximately a 25% stimulation of respiration (32) . Thus, the dramatic stimulation by succinate in neonatal hepatocytes is different than the response in adult cells.
When expressed relative to cytochrome oxidase content (taken as one-half cytochrome a + a3), the O2 consumption is about 3 nmol 0 2 consumed/nmol oxidase per s for adult cells (33) . Calculation of the turnover number for cytochrome oxidase in neonatal cells in the presence of 5 mM succinate (Table I) The mechanism of stimulation of O2 consumption by succinate is not clear at present but may reflect the developmentally regulated differences in isozymic forms of respiratory enzymes (4) or differences in rates of uptake of succinate and other substrates. Succinate appears to be functioning as a direct substrate for the mitochondria because fumarate is formed and could be a preferred substrate due to limitations in activities of NAD+-linked dehydrogenases. Alternatively, succinate may serve to prime the citric acid cycle. This may be necessary to allow efficient function of the cycle, as has been suggested for certain disease states (34) . Succinate may also stimulate metabolism by shifting the succinate/succinyl-CoA ratio, which is known to be central to the regulation of the citric acid cycle (35) . Finally, succinate may function as a metabolic regulator, perhaps mediated through succinyl-CoA, to shift metabolism to a more active state.
The succinate-dependent stimulation does not appear to be related to the stimulation of mitochondrial respiratory activity by increased adenine nucleotide pool size (36) (37) (38) because the time courses for the two processes are different. Dramatic increases in the mitochondrial adenine nucleotide pool occur within hours after birth while the succinate effect persists for several days (data not shown). Furthermore, the results with the FCCP studies support this interpretation since further stimulation of O2 consumption would be expected if adenine nucleotides were limiting. Also, it does not appear likely that the succinate effect is related to increased heme biosynthesis (which requires succinyl-CoA) because the total heme pool in the cells studied is already about one-third to one-half of that in the adult cells. However, this possibility, as well as those listed above, must be further investigated.
The physiological significance of the succinate effect is not entirely clear at present. While the adult plasma succinate concentration (50 pM) is lower than that required for one-half maximum respiration in neonatal cells, the plasma concentration of succinate in the fetus and newborn could be higher. Since the mitochondria maintain a 5-fold higher succinate concentration in the matrix, a similar concentrative uptake system for succinate at the plasma membrane in neonatal cells could increase succinate levels several fold, in the range of 200-300 pM. This would correspond to a 4-to 5-fold stimulation of cellular respiration and thus could be physiologically significant in increasing the oxidative capacity of neonatal cells. We found that the succinateinduced stimulation of 0 2 consumption in neonatal hepatocytes decreases with increasing age of the rats (data not shown) which may correspond to a developmental change in the ability of the cells to selectively utilize succinate.
Comparison of the O2 dependence of oxidation-reduction of mitochondrial cytochromes of neonatal hepatocytes with those of adult cells shows that the PS0 values in neonatal cells are relatively low. The Pso value for cytochrome c in adult cells is 6 pM (19, 27) , while that for isolated state 3 mitochondria from adult rat liver is about 0.6 pM (27) . The oxygen dependence of neonatal cells is therefore closer to that of isolated mitochondria than that of adult cells. We previously found that in adult hepatocytes, the spatial distribution of mitochondria largely determines the magnitude of 0 2 gradients within liver cells (19, 27) . Thus, mitochondrial clustering decreases O2 availability for mitochondrial function and accounts for the higher P50 values for oxidation of the cytochromes in cells compared to that in isolated mitochondria (28) . The mitochondrial density in the neonatal cells seems to be low, as indicated by the cytochrome contents. Moreover, examination of electron micrographs of fetal and neonatal hepatocytes reveals the presence of a small number of mitochondria that appear to be distributed randomly throughout the cytoplasm of the cells (12) . This apparent lack of mitochondrial clusters in fetal and neonatal hepatocytes would impose minimal limitation in O2 supply to the mitochondria and thus could explain the lower measured P50 values.
The low PS0 values for mitochondrial function could be an important factor in the ability of fetal and neonatal cells to tolerate low O2 concentrations since the physiological arterial p02 in the fetus, 25-30 torr (30-35 p M 02), is substantially lower than in the adult. Because the operative p02 in venous blood, which predominantly supplies the liver in the fetus, can be considerably lower (10-15 ~L M 02), the pO2 to which fetal cells are exposed is lower than the adult. Thus, to maintain maximal O2 consumption rates, the fetal Pso values must be significantly lower than the adult values. Because the neonatal period is a transition from fetal to adult, the respiratory characteristics of neonatal cells will reflect, in part, that of fetal cells, as have been found in the current study.
The correspondence of the P50 values for the different cytochromes in the neonatal cells suggests that the mitochondrial electron transport proteins respond to variations in O2 concentrations as a single unit. The same relative amounts of these cytochromes in neonatal cells as found in adult cells (23) implies that expression of these respiratory components occurs in concert during development even though the appearance of many enzyme and cytochrome systems in fetal mitochondria does not appear to be synchronized (4) .
In summary, these studies with freshly isolated hepatocytes from neonatal rats show that respiration is highly dependent on succinate and sensitive to O2 concentration only at very low values. The difference in respiratory characteristics compared to those of adult cells may be the result of differences during development in activities of transport and respiratory enzymes, structure and distribution of mitochondria, and control of respiratory functions.
